Changes in the oxygen uptake of petal slices by the cytochrome and alternative respiratory pathways were monitored during petal development in the arctic herb Saxffraga cernua. As the petals developed, rates of total respiration increased to a maximum rate during petal unfolding (day 4.5), and thereafter declined. Respiration in petals of all ages was at least partially resistant to cyanide, indicating the capacity for the alternative pathway. In all, except day 1 and senescing day 8 petals, respiration was inhibited by salicylhydroxamic acid, indicating engagement of the alternative pathway. In general, temporal changes in the respiratory activity along each pathway were similar and in parallel with changes in total respiration, although maximum rates along each pathway occurred at different times. Maximum cytochrome pathway activity occurred during petal expansion (day 4) whereas the altemative pathway peaked during petal unfolding at day 4.5. The control of respiration was also investigated. In the presence of salicylhydroxamic acid, the addition of the uncoupler carbonyl cyanide m-chlorophenylhydrazone was never stimulatory, suggesting that the cytochrome pathway was not restricted by adenylate levels. The addition of sucrose stimulated respiration only in day 1 petals, suggesting substrate limitation at this developmental stage. Since the rate of alternative pathway respiration peaked during petal unfolding, a time of high energy requirement, we suggest that the alternative pathway may have been used as an inefficient energy source during petal development.
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Some of the earliest work on the cyanide-resistant, alternative pathway of respiration in plants was carried out on the flower and floral structures of aroids ( 15) . Spadices of Arum maculatum (3, 12) and Symplocarpusfoetidus (10, 24) show little, if any, respiratory inhibition in the presence of cyanide. In these plants a transient respiratory burst was observed during flowering (12, 15) . The sudden rise in respiration during flowering was attributed to an increase in the engagement of the alternative pathway during the onset of thermogenesis (15 (20) reported a biphasic shift in respiration during rose petal development. Initial petal expansion was slow and accompanied by a decrease in respiration. Large increases in respiration were observed during rapid petal expansion and unfolding. This was followed by a decrease in respiration once the flower was fully unfolded.
Interestingly, Siegelman et al. (20) reported some cyanideinsensitive respiration, but its changes were not followed through all stages of development. Hew et al. (I 1) reported on a rise in total respiration during the opening of orchid flowers. This present study was designed to investigate the respiratory changes along both the cytochrome pathway and the alternative pathway in developing flower petals of a nonthermogenic plant, an aspect that has not been explored previously. The arctic herb, Saxifraga cernua, was chosen for study because it reproduces asexually by producing bulblets. This allows us to grow a large number of individuals, all of the same genotype. This species has been reported to possess high rates of alternative pathway respiration in its leaves (14) . The present report presents evidence that the rise in respiration observed during petal development is due to concomitant increases along both respiratory pathways. 
MATERIALS AND METHODS

Respiration Measurements
At appropriate times, entire flowers were excised and initially all the sepals were removed. The petals were then carefully removed using forceps. The entire d 1 flower was used because it was impossible to remove its sepals without destroying the petals. Excised petals from at least three separate flowers were sliced with a new razor blade into 2-mm slices under 40 mM Hepes buffer (pH 7.2) and then placed into a reaction chamber containing 4.4 mL of fresh buffer. Oxygen depletion in the dark was measured polarographically at 20°C in a temperature-controlled closed system using an oxygen electrode (model 5739; YSI, Yellow Springs, OH).
The contribution of the alternative and cytochrome pathways to total respiration was determined using the inhibitors SHAM2 and KCN. SHAM must be used with caution since it has been reported to stimulate 02 uptake through cyanidesensitive peroxidases (17, 21, 23 SHAM was dissolved in water after titration with NaOH to produce a sodium salt and was added from a 0.4 M stock solution. CCCP was added from a stock solution in ethanol to achieve a final concentration of 2 ,uM. Ethanol alone did not affect petal respiration. Sucrose was dissolved in distilled water. Respiration was expressed as oxygen consumed per g fresh weight. Carbohydrate Analysis Appropriate petals from at least four different flowers, each from a different plant, were removed and killed instantly in liquid nitrogen. Soluble carbohydrates were extracted from freeze-dried leaves in boiling water and were assayed enzymatically using a commercial preparation (Sucrose/D-Glucose/D-Fructose Kit; Boehringer Mannheim, Dorval P. Q.). All chemicals were obtained from Sigma Chemical Co. (St. Louis, MO).
RESULTS
Titration Analyses
Oxygen uptake of d 5.5 petals was titrated with various concentrations of SHAM in the presence and absence of 0.5 mM KCN (Fig. 1) . A residual component of respiration was absent in petals of all ages as a combination of 3 mM SHAM and 0.5 mm KCN completely inhibited 02 uptake (Fig. lA) .
Plotting respiration rates in the absence of KCN against rates in the presence of KCN yielded a straight line (Fig. 1B) . A linear relationship indicates that SHAM inhibited only the alternative oxidase with no observable side effects (2, 17) . We therefore concluded that SHAM gave a reliable estimate of alternative pathway respiration activity. 
Respiratory Shifts in the Activity of Each Pathway
The rate of total dark respiration rapidly increased during petal expansion and peaked as the petals were unfolding at d 4.5 (Fig. 2) . By the time the petals were fully opened at d 5.5, total respiration had dropped by approximately 40%. Thereafter, the rate of total dark respiration slowly declined until the onset of visible senescence at d 8.
Respiratory activities along both pathways showed similar trends during petal development, although their peak activities occurred at different times (Fig. 2) . The vc, was determined as the rate of 02 uptake in the presence of SHAM. The vai, also increased and then decreased during petal development. The d 1 petals were SHAM-insensitive, indicating virtually no val,. A steady increase in vait was observed during petal expansion during the next 3 days (Fig. 2) 
Regulatory Changes of Respiratory Pathways
The control of respiration was investigated during petal development by different sequential additional of CCCP and sucrose. In the presence of SHAM, CCCP, whether added alone or in combination with sucrose, was never stimulatory (Table I, CCCP stimulated total respiration only in d 3, d 4, and d 5.5 petals (Fig. 3) . In the absence of any inhibitors, sucrose stimulated uninhibited respiration only in d 1 petals (Table I , experiment B).
Changes in the Respiratory Capacity of Each Pathway
The respiratory capacities of both the alternative and cytochrome pathways were investigated. The Val, was determined as the rate of 02 uptake sensitive to SHAM in the presence of KCN. As can be seen in Figure 4 , the capacity for alternative pathway respiration was present at all stages of petal devel- Vc,, increased approximately 70%. A decline of about 70%
was then observed over the next 36 h, with little change thereafter.
Carbohydrate Shifts during Development Shifts in the carbohydrate content during petal development are presented in Figure 5 . Sucrose concentrations increased until d 4 and then rapidly declined. Similarly, levels of glucose and fructose increased until d 4 and remained relatively unchanged for the next 36 h. Thereafter, fructose levels remained high, whereas glucose levels declined slightly. DISCUSSION Shifts in the capacity, activity, and control of respiration were observed during petal development in S. cernua. The results of the uncoupler data suggest that the cytochrome pathway was never under adenylate control because CCCP, in the presence of SHAM, did not stimulate respiration. It was assumed that in the presence of SHAM, there would be more than enough flux to saturate the chytochrome pathway after the release of any adenylate restriction, regardless of any concomitant release of glycolytic control.
In d 1 petals, the addition of sucrose alone stimulated 02 uptake. This result suggests that substrate import into the mitochondria may have limited the engagement of the alternative pathway in d 1 petals.
The addition of an uncoupler to total respiration in d 3, 4, and 5.5 petals stimulated 02 uptake. The control ofrespiration in these petals appears to occur before the branch point of the two pathways and is most likely at the level of glycolysis since CCCP did not stimulate respiration in the presence of SHAM. Apparently, there was enough substrate to maintain uncoupled respiration rates. The high cytosolic energy charge required to restrict glycolysis has been reported previously (19) .
The addition of an uncoupler would remove this control.
Glycolytic control of respiration has been reported previously in the roots of various species (5) and in the leaves of Lolium perenne (6) . A slightly different situation appears to exist in the unfolding d 4.5 petals. In these petals there appears to be no measurable regulation of respiration, inasmuch as both pathways appear to be operating at their maximum capacity. By the onset of visible senescence at d 8, respiration did not appear to be under any restriction by adenylates or substrates, even though the alternative pathway was not engaged.
A role for alternative pathway respiration in developing S. cernua petals remains speculative. A recent model suggests that the alternative pathway will be engaged only when the level of reduced ubiquinone exceeds 35 to 40% of the total ubiquinone pool (8) . On this basis, the alternative pathway will be engaged when mitochondrial substrate importation is high enough to saturate the cytochrome pathway and overflow into the alternative pathway (4, 8, 13) . If adenylate levels are high enough to restrict the cytochrome pathway and increase the level of reduced ubiquinone, then the alternative pathway will also be engaged (8) . During petal expansion, the capacity of the energy-conserving cytochrome pathway steadily increased, and was fully engaged after d 1 since CCCP and sucrose were not stimulatory in the presence of SHAM. A parallel increase in valt was observed during the first several days of petal development.
Energy for petal expansion and unfolding must come from respiration because the petals were white and contained no developed chloroplasts. An increase in both Val, and v511 within developing petals suggests that the alternative pathway plays more than just a passive overflow role. These changes in the capacity and the activity of the alternative pathway during petal development are different from the situation reported in the developing leaves of bean and pea (1) . Alternative pathway capacity in these leaf tissues remained relatively unchanged during development. It is possible that the alternative pathway may act as an inefficient energy source during petal maturation. Once the signal for flowering has been received by the meristem, it is probably advantageous to produce flowers as quickly as possible. The energy demand during petal development is presumably very high since the cytochrome pathway is operating at its maximum capacity. Electrons bound for the alternative oxidase may go through coupling site 1, producing one-third of the maximum ATP possible (16) . The role ofthe alternative pathway as an energy source has been suggested by Pilbeam et al. (18) using repeatedly pruned L. perenne and by De Visser et al. (7) in the roots of Pisum sativum supplied with nitrogen. The use of the alternative pathway as a source of ATP in the present study is further suggested by the observation that as the capacity and activity ofthe cytochrome pathway began to decline, the capacity and activity of the alternative pathway increased. The capacity of the cytochrome pathway declined during petal unfolding, at a time when energy demand would probably be high. At this time, sugar levels were still high and were not a limiting factor. Also at this time, the activity of the alternative pathway matched its capacity, i.e. the alternative pathway became fully engaged (val, = Vait). Once the flower had fully opened, and petal expansion and unfolding were complete, with a concomitant decline in energy demand, the capacity of the alternative pathway rapidly decreased.
The two respiratory pathways displayed maximum activity at different times, and declined at different rates during development. This suggests that the timing for synthesis and degradation of respiratory components is different for the two pathways. A similar situation has been suggested in the synthesis and turnover of respiratory components in developing leaves of bean and pea (1) .
